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The Drosophila Neuregulin Vein Maintains
Glial Survival during Axon Guidance in the CNS
The best-known molecule capable of promoting glial
survival is Neuregulin (NRG) (Garratt et al., 2000). It has
been suggested that NRG may be involved in repair, as
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in the absence of NRG signaling loss of glia correlatesDepartment of Genetics
with axon guidance or fasciculation defects. NRG con-University of Cambridge
trols the survival of Schwann cells in the peripheral ner-Cambridge CB1 3QJ
vous system (PNS) (Dong et al., 1995; Grinspan et al.,United Kingdom
1996; Trachtenberg and Thompson, 1996). In knockout
mice lacking either Neuregulin or its receptors, a reduc-
tion in Schwann cell number correlates with axon guid-Summary
ance defects (Lee et al., 1995; Meyer and Birchmeier,
1995; Riethmacher et al., 1997). As Schwann cells areNeuron-glia interactions are necessary for the forma-
required for normal guidance and fasciculation of motortion of the longitudinal axon trajectories in the Dro-
axons, it has been proposed that trophic support ofsophila central nervous system. Longitudinal glial cells
Schwann cells by motor axons ensures correct pathfind-are required for axon guidance and fasciculation, and
ing (Morris et al., 1999). In the central nervous systempioneer neurons for trophic support of the glia. Neu-
(CNS), Neuregulin is produced by the optic nerve andregulin is a neuronal molecule that controls glial sur-
it controls the survival of enwrapping oligodendrocytesvival in the vertebrate nervous system. The Drosophila
(Fernandez et al., 2000). The Neuregulin receptor ex-protein Vein has structural similarities with Neuregulin.
pressed in oligodendrocytes is ErbB4, and ErbB4 knock-We show here that Vein functions like a Neuregulin to
out mice have dramatic axon guidance defects (Gass-maintain glial cell survival. We present direct in vivo
mann et al., 1995; Vartanian et al., 1997). However, theseevidence at single-cell resolution that Vein is produced
axonal defects are due to the loss of an inhibitory barrierby pioneer neurons and maintains the survival of
in the rhombomeres where ErbB4 is normally expressed.neighboring longitudinal glia. This mechanism links
There is no direct evidence about whether Neuregulinaxon guidance to control of glial cell number and may
control of glial survival is required for axon guidance.contribute to plasticity during the establishment of
In the Drosophila ventral nerve cord (VNC)—the equiv-normal axonal trajectories.
alent of the vertebrate spinal cord—cell survival control
is linked to axon guidance and fasciculation (Booth etIntroduction
al., 2000; Hidalgo and Booth, 2000; Kinrade et al., 2001).
Longitudinal glia (LG) are required to orient the projec-During development of the vertebrate nervous system,
tions of some of the pioneer growth cones, for the fascic-the number of cells and their connections are not prede-
ulation and defasciculation events that shape the axonal
termined. Regulation confers developmental plasticity
trajectories and to keep longitudinal axons in lateral
on the vertebrate nervous system enabling it to “make
positions, away from the midline. As this takes place,
itself” (Coen, 1999). One mechanism of developmental axon-glia interactions regulate the survival of neurons
plasticity is the nonautonomous regulation of cell sur- and possibly also LG. Absence of glial cells, caused by
vival, which influences both connectivity and cell num- targeted ablation of LG or as occurs in glial cells missing
ber. Neurons are produced in excess, but only those that mutants, results in neuronal apoptosis (Booth et al.,
establish correct synaptic connections with the target 2000). Conversely, targeted neuronal ablation causes
survive (Levi-Montalcini, 1987). The survival of these loss of LG, which can be rescued blocking apoptosis,
neurons is maintained by trophic factors produced by suggesting that LG survival depends on neurons (Kin-
the target cell. Axon-glia interactions also control the rade et al., 2001). Since axons require LG for guidance
survival of both neurons and glia (Raff et al., 1993). In and fasciculation, by maintaining LG survival, the axons
the absence of neurons, oligodendrocytes die; if the could anchor the LG to their proximity, thus enabling
number of axons increases, more oligodendrocytes sur- pathfinding. The molecules responsible for these axon-
vive. Thus, the number of glia matches the volume of glia interactions are unknown.
available axons, allowing correct myelination (Barres et Here we examine whether the putative Drosophila
al., 1992; Barres and Raff, 1994; Raff et al., 1993). During Neuregulin homolog called Vein (Vn) can function as a
development of the nervous system, axons trace their Neuregulin to maintain glial survival in the CNS and
trajectories in response to multiple axon guidance cues. whether it is required for axon guidance. BLAST
One guidance cue is provided by neighboring glial cells. searches comparing the Drosophila and human ge-
The link between axon guidance and the control of glial nomes have failed to identify Neuregulin homologs (Ven-
survival might contribute to the plasticity involved in ter et al., 2001). However, Vn was previously identified
establishment of correct axonal patterns during devel- on the basis of structural similarities to Neuregulin
opment and in repair. (Schnepp et al., 1996; Simcox et al., 1996). Vn has one
IgG and one EGF domain, a motif combination unique
to Neuregulins. Sequence homology between Vn and1 Correspondence: a.hidalgo@gen.cam.ac.uk
Neuregulin might have been missed by BLAST searches2 Present address: Molecular Neurobiology Group, Guy’s Hospital
Campus, King’s College, London, United Kingdom. because of the much larger size and more complex
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structure of vertebrate Neuregulin—a multimotif gene We present here the following novel findings: (1) Vn
that produces many isoforms, using different promoters functions like Neuregulin to maintain glial survival in the
and alternative splicing (Garratt et al., 2000). Similarly, Drosophila CNS. This shows that conserved molecules
although there are several Neuregulin ErbB receptors promote neuron-glia interactions both in insects and
(of the EGF receptor class), expressed in different tis- vertebrates. (2) Vn expressed in MP2 pioneer neurons
sues, Vn is only known to bind the Drosophila Epidermal nonautonomously promotes the survival of some neigh-
Growth Factor Receptor (DER) (Schnepp et al., 1996). boring LG by binding to its receptor DER and activating
Thus, Vn may be an ancestral form of Neuregulin. the Ras/MAPKinase pathway. Interfering with vn func-
It has been proposed that the number of midline glia tion only in the MP2 pioneer neurons induces glial apo-
is adjusted by axonal contact and that this requires DER ptosis, and expressing Vn in the MP2 pioneer neurons
function (Sonnenfeld and Jacobs, 1995; Stemerdink and in vn mutants prevents glial apoptosis. Thus, we present
Jacobs, 1997). DER signals through the Ras/MAPKinase an in vivo single-cell resolution study of the control of
pathway (Gabay et al., 1997), which promotes cell sur- glial survival by a Neuregulin. (3) Vn links glial number
vival by directly repressing the expression of the cell control to axon guidance. Thus, we show that the Neu-
death-promoting gene hid (Bergmann et al., 1998; Kur- regulin family member Vn is responsible for trophic neu-
ada and White, 1998). Neuregulin also signals through ron-glia interactions during axon guidance and fascic-
the Ras/MAPKinase cascade to promote cell survival in ulation in the CNS longitudinal pathways of Drosophila.
vertebrates (Bonni et al., 1999; Cohen et al., 1996). In
Drosophila, Vn acts together with Rhomboid to activate Results
DER in neighboring cells (Gabay et al., 1997; Skeath,
1998; Spencer et al., 1998). Rhomboid triggers the re- Axon Guidance Defects in vn Mutants
lease of secreted Spitz (Spi), also a DER ligand (Rutledge Correlate with Glial Loss
et al., 1992). Spi, but not Vn, is the ligand promoting Mutations in vn (vn3/vn4) cause defects in the MP2
midline glial survival (Lanoue et al., 2000). In other tis- fascicles, as visualized with FasII antibodies. In young
sues, Vn and Spi act synergistically to activate DER vn mutant embryos, the dMP2 pioneer fascicle may be
(Schnepp et al., 1996). Spi can be a more potent ligand absent, it may fuse with the pCC fascicle, or it may
than Vn, but it is expressed broadly in embryos. As vn fasciculate with the aCC axon and exit the CNS (Figure
expression is spatially restricted, Vn can confer cellular 1B). Older embryos are defasciculated, particularly the
specificity to the activation of DER (Schnepp et al., second fasII fascicle, which is originally formed by dMP2
1996). It is not known whether Vn can function like a and MP1 axons, the third fascicle may be missing, and
Neuregulin in Drosophila. longitudinal axons may exit the CNS (Figure 1D).
The VNC links the sensory and motor systems with These fasciculation and defasciculation defects in vn
the brain (Goodman and Doe, 1992). It is formed of mutants recapitulate the phenotypes caused by glial
longitudinal connectives and commissures that link the mutations and ablation (Hidalgo and Booth, 2000) and
connectives across the midline in each segment. The correlate with depletion in LG, as detected with the glial
midline, like its vertebrate equivalent the floorplate,
nuclear marker anti-Repo (Figures 1B and 1E). Interest-
controls the crossing of axons by attractive and repul-
ingly, not all LG are missing. Glial loss may be a conse-
sive signaling. In Drosophila, the longitudinal trajectories
quence of abnormal neuronal development or axonal
are formed over a scaffold of pioneer axons that never
defects a consequence of abnormal glia in vn mutants.
cross the midline. There are four pioneer neurons per
Axonal defects in vn mutants are not a direct conse-hemisegment: pCC, MP1, dMP2, and vMP2 (Bate and
quence of loss of vn function in neurons. In fact, theGrunewald, 1981; Hidalgo and Brand, 1997; Jacobs and
axonal phenotype of embryos expressing vn in all post-Goodman, 1989). The rest of the interneurons follow
mitotic neurons is indistinguishable from wild-type (Fig-afterwards and project axons that cross the midline
ure 1K). This means that Vn cannot directly orient axonalonce before extending along the longitudinal pathways.
trajectories and therefore it does not play an instructiveThe survival of follower (but not pioneer) neurons de-
role in axon guidance. Similarly, the receptor of Vn, DER,pends on glial cells (Booth et al., 2000).
does not play a guidance or fasciculation role in theThe pioneer neuron trajectories are established by
longitudinal fascicles. In fact, dominant-negative DERinteractions with the LG (Hidalgo and Booth, 2000). The
expression in all neurons causes misrouting of the firstLG (or interface glia [Ito et al., 1995]) originate from the
fascicle across the midline, presumably related to thesegmentally repeated glioblast located at the edge of
function of DER in these cells (Lanoue et al., 2000; Stem-the neuroectoderm. The glioblasts migrate and divide
erdink and Jacobs, 1997), whereas the overall formationtoward the midline, until they contact the cell bodies of
of the longitudinal fascicles is normal (Figure 1L). More-the pioneer neurons. Thereafter, LG migrate in contact
over, expression of DNDER in all neurons does not affectwith the pioneer axons (Hidalgo and Booth, 2000). At
LG (Figure 1M). These data suggest that Vn does notaxonogenesis, two descending pioneer axons (dMP2
act directly upon the longitudinal axons but that LGand MP1) meet two ascending pioneer axons (vMP2 and
require Vn/DER.pCC) to form the first longitudinal fascicle. Remarkably,
If pioneer and other neurons are ablated, LG numberonly the descending pioneer growth cones require LG
decreases from axonogenesis (Figure 1N). In these em-for guidance (Hidalgo and Booth, 2000). Later on, multi-
bryos, the remaining glia cluster over the remaining ax-ple fasciculation and defasciculation events involving
ons. Furthermore, the total glial cell number can be re-primarily the dMP2 fascicle shape the pioneer axon tra-
tained if neurons are ablated in reaper (rpr) mutantjectories, and these require LG. Thus, interactions be-
embryos lacking apoptosis (genotype: ftznGAL4 rpr/tween the dMP2 pioneer axons and LG are particularly
relevant during guidance. UAS Ricin, rpr) (Figure 1O). This means that in the
Glial Survival by Drosophila Neuregulin
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Figure 1. Axonal Phenotypes of vn Mutants
Correlate with Longitudinal Glia Loss
(A–E, K, L, N, and O) Embryos stained with
FasII (brown) and anti-Repo (black) antibod-
ies to visualize axons and glia, respectively.
(A and C) Wild-type and (B, D, and E) vn3/
vn4 mutant embryos, at stage 14 (A and B)
and stage 17 (C, D, and E). (B) In vn mutants,
the dMP2 fascicle can be missing or fused
with the pCC fascicle (arrowheads) or it can
fasciculate with the motoraxons toward the
periphery (white arrowhead). Compare with
the normal two fascicles in (G). These defects
occur in areas depleted of LG. (C) Older wild-
type embryo. Arrowheads indicate three FasII
fascicles. (D) In older vn3/vn4 mutants, the
longitudinal fascicles can defasciculate, mis-
route, or fuse (arrows; compare to areas with
normal fascicles, arrowheads). (E) Dorsal
plane of the same embryo as in (D): fascicula-
tion defects coincide with areas depleted of
LG (arrows).
(F–J) Diagrams to illustrate the axon-glia in-
teractions taking place during pathfinding in
wild-type (F–H) and the effects caused by vn
mutations (I and J). Pioneer neurons and ax-
ons: MP1 (red), dMP2 (green), vMP2 (yellow),
and pCC (blue). Motorneuron aCC (purple).
Circles, longitudinal glia. (F) The dMP2 pio-
neer axons (but not pCC) need glia for guid-
ance and fasciculation, the LG need axons
for survival and migration (see [N]). LG trigger
the defasciculation events that lead to the
formation of two pioneer fascicles at stage
14 (G) and 17 (H). In vn mutants, loss of LG
correlates with impaired defasciculation of
pioneer axons ([I], stage 14), leading to abnor-
mal or missing longitudinal axon fascicles ([J],
stage 17).
(K and L) FasII antibodies detect three fascicles, which in (K) embryos expressing vn ectopically in all postmitotic neurons (elavGAL4/UASvn)
are indistinguishable from wild-type. (L) Upon expression of dominant-negative DER in all postmitotic neurons (elavGAL4/UASDN DER), the
first fascicle misroutes across the midline but the second and third fascicle are normal.
(M) Expression of dominant-negative DER in all postmitotic neurons does not alter Pros-positive LG.
(N) Targeted ablation of pioneer and other neurons induces glial loss. Remaining glia cluster over regions rich in axons. (FTZNGAL4/UAS
Ricin, stage 16). Compare to wild-type embryo of the same stage in (C) (higher magnification).
(O) Glial number—but not migration (arrowheads)—is rescued upon targeted neuronal ablation in embryos lacking apoptosis (FTZNGAL4 rpr/
UASRicin,rpr). Anterior is up.
absence of neurons LG die of apoptosis. Remarkably, We monitored LG apoptosis in normal embryos. Anti-
Repo labels all the glia except the midline glia—LG migration also depends on axonal contact. In fact,
some of the rescued LG do not migrate, while others including about 10 LG per hemisegment. We regularly
found LG apoptosis in wild-type embryos (Figures 2B,establish alternative contact with axons or are scattered
throughout the nerve cord (Figure 1O). As axons need 2C, and 2F–2H), normally at the most between 1–3 apo-
ptotic LG per hemisegment. The onset of apoptosis inLG for guidance and fasciculation, by controlling LG
survival and migration, axons keep the glial cells close the doomed glia coincides with the beginning of axon-
glia contact (stage 12.2). Hence, LG are normally over-to them, enabling pathfinding.
produced.
Longitudinal Glia Are Normally Overproduced
LG apoptosis induced upon targeted neuronal ablation Excess of Longitudinal Glia Apoptosis
in vn Mutantscould reflect a trophic requirement by glial cells for axo-
nal contact in the CNS. To investigate this, we asked Since we observed loss of Repo-positive glia in vn mu-
tants (Figures 1B and 1E), we asked whether loss of vnwhether the LG are normally overproduced.
Apoptotic cells express the gene rpr, and expression function leads to an increase in LG apoptosis. Both the
frequency and the extent of LG apoptosis increase inis activated only in cells that undergo apoptosis. rpr-
positive cells are shrunken, very small, and round (Figure vn null mutants compared to wild-type (vn3/vn4, Figures
2D–2H). Using anti-Htl we found up to 11 apoptotic glia2A). We can identify apoptotic LG from their morphol-
ogy, visualizing them with the LG membrane marker per hemisegment and with TUNEL and anti-Repo up to
9 apoptotic glia per hemisegment.anti-Heartless (Htl) (Figures 2B and 2D) and by using
the nuclear glial marker anti-Repo and TUNEL (Figures LG death in vn mutants can be rescued blocking apo-
ptosis specifically in these glia. We attempted to rescue2C and 2E).
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Figure 2. Excess Longitudinal Glia Apoptosis in vn Mutants
(A) An apoptotic neuron (arrowhead, within a macrophage) identified by the expression of rpr transcripts (blue) to reveal the characteristic
shrunken and round morphology. Anti-Repo (brown) reveals normal LG nuclei.
(B–E) Apoptotic glia (arrowheads) visualized with (B and D) anti-Heartless antibodies (blue) and (C and E) by confocal analysis of colocalization
(yellow) of anti-Repo (red) and TUNEL (green) in (B and C) wild-type and (D and E) vn3/vn4 mutant embryos. Anterior is to the top.
(F–H) Graphs illustrating the quantification of apoptotic glia per embryo. (F) Percentage of embryos with more than one apoptotic glia. There
is a significant difference between wild-type and vn3/vn4 mutants, detected with anti-Htl, p  0.001, 2, and with TUNEL, 0.025  p  0.05,
2. (G and H) Percentage of embryos with a given number of LG to reveal the extent of glial apoptosis in the two populations. There is a
significant difference in the incidence of LG apoptosis between wild-type and vn3/vn4 mutant embryos also with TUNEL (p  0.001, Mann-
Whitney U test). n, number of embryos. Here and in all figures, for TUNEL, 4 segments are analyzed per embryo under the confocal microscope;
for conventional microscopy of HRP-stained embryos, 12 segments are analyzed per embryo.
LG apoptosis in vn mutant embryos that were also mu- in the CNS. From axonogenesis (stage 12.3 on, stages
as in Goodman and Doe, 1992), vein transcripts (Figuretant for rpr, but their phenotype is extremely severe,
obscuring the location of the glia (data not shown). 4A) and protein (Figures 4B and 4C) are found in the
MP2 pioneer neurons, which coexpress Vn and the MP2Therefore, we targeted p35 expression (Hay et al., 1994)
to the LG with a htl GAL4 driver that is expressed ro- membrane marker 22c10 (Figure 4C). vn appears to be
expressed first in both vMP2 and dMP2 at stage 11, butbustly in the LG from stage 13 (Figure 3A) (Shishido et al.,
1997). We identified apoptotic LG by their morphology, from stage 13 we often see it only in dMP2. At these
stages, Vn is also expressed in the VUMs and in twoupon expression of the reporter GAP GFP under the
control of the same htlGAL4 driver (Figures 3B, 3D, and more cells per hemisegment in the CNS (data not
shown).3E) and by codetection of TUNEL and anti-Repo (Figure
2C). Targeted expression of p35 with htlGAL4 in vn mu- During axonogenesis, DER expression is concen-
trated along the midline (Figure 4D). We also found bothtant embryos leads to a reduction in the number of
apoptotic LG (Figures 3B, 3C, and 3E). However, as this DER mRNA (Figure 4D) and protein (Figures 4E and
4F) at lower levels in lateral clusters. These clustersdriver does not appear to be expressed early in the
glioblast, expression of p35 is not able to prevent all LG surround anti-Repo-positive nuclei between stages 12.1
and 14, corresponding to a subset of the LG (Figure 4F).apoptosis. Both the percentage of affected embryos
(Figure 3B) and the extent of LG apoptosis (Figures 3C No colocalization was observed in older embryos. Thus,
DER can function in subsets of the LG within a specificand 3E) are reduced upon p35 expression. This confirms
that in vn mutants LG die of apoptosis. time window.
DER signals through Ras and the MAPKinase cas-
cade. We monitored the activated state of the Ras path-vn Is Expressed in the MP2 Pioneer Neurons
and the DER/Ras Pathway in Subsets way with dpERK (Gabay et al., 1997) and found coex-
pression with anti-Repo in LG during pathfinding (Figureof Longitudinal Glia
LG apoptosis in vn mutants could be a cell autonomous 4G), and throughout embryogenesis. Our data suggest
that the Ras pathway is activated only in a subset ofor a non-autonomous consequence of loss of vn func-
tion. To look at this, we analyzed vn and DER expression the LG. However, since activation of the Ras pathway
Glial Survival by Drosophila Neuregulin
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Figure 3. Expression of p35 in the Longitudi-
nal Glia in vn Mutants Rescues Glia Apoptosis
(A) LG visualized with the reporter GFP to
indicate the cells expressing p35 (htlGAL4/
UAS GAP GFP; vn3 UAS p35 /vn4). (D) Re-
porter GFP expression driven by htlGAL4 to
reveal LG apoptotic morphology (arrowhead).
(A and D) anterior is up. (B, C, and E) Graphs
illustrating the quantification of LG apoptosis
in embryos expressing the GFP reporter in a
normal background (blue, htlGAL4/UAS GAP
GFP), in a vn mutant background (green,
htlGAL4/UAS GAP GFP; vn3/vn4), and in a
vn mutant background expressing p35 in the
LG (orange, htlGAL4/UAS GAP GFP; vn3 UAS
p35/vn4). (B) Percentage of embryos within
each population with more than one apo-
ptotic LG, as detected with anti-GFP. There
is a significant difference between the per-
centage of affected embryos in vn mutants
and in normal embryos (planned comparison:
0.0025  p  0.005, 2), and also a significant
rescue of the mutant phenotype upon p35
expression (planned comparison: 0.01  p 
0.02, 2). (C) Percentage of embryos with a
given number of apoptotic LG as detected
by colocalisation of TUNEL and anti-Repo.
There is a significant difference in the extent
of glial apoptosis between vn mutant em-
bryos and vn mutants expressing p35 in the
glia (Mann-Whitney U test, p  0.01). For a
comparison of wild-type and vn mutants, see
Figure 2. (E) Percentage of embryos (from same sample as in B) with a given number of apoptotic LG detected with anti-GFP, to show the
extent of LG apoptosis. n, number of embryos.
may change with time, different subsets of LG may acti- monitored apoptosis morphologically using antibodies
to the LG nuclear marker Prospero (Pros). Anti-Prosvate the Ras pathway at different times. The Ras path-
way is activated in LG when they contact the dMP2 normally stains 5–6 LG per hemisegment at stage 16
(Figure 5A). We seldom observe Pros-positive apoptoticpioneer axons.
glia in wild-type. In vn mutants, Pros-positive LG can
be apoptotic or missing (Figure 5B), although neitherTargeted vnRNAi Expression in Neurons
Induces Glial Apoptosis all hemisegments nor all LG are affected, even in the
complete absence of vn function. Both the extent ofAs well as being expressed in postmitotic neurons dur-
ing axonogenesis, vn is also expressed at earlier stages apoptosis and loss of Pros-positive LG increase in spi-
vn double-mutant embryos (Figure 5C).in neuroblasts and in the midline. Hence, we examined
the role of vn specifically in the MP2 pioneer neurons. vn function was abolished from postmitotic neurons
by targeted RNA interference (Fire et al., 1998) underTo analyze the function of vn in neurons, and in partic-
ular in the MP2 pioneer neurons, we eliminated vn func- GAL4 control. In Drosophila, RNAi can phenocopy mu-
tant phenotypes and cause mRNA degradation both intion from all neurons or from the MP2s alone in embryos
in which earlier events had proceeded normally. We vivo and in vitro (Kennerdell and Carthew, 1998; Yang
Figure 4. vn Is Expressed in the MP2 Pioneer
Neurons and Signals through DER in Longitu-
dinal Glia
(A–C) Expression of vn in the MP2 pioneer
neurons. (A) vn transcripts in dMP2 and vMP2
in one segment of a wild-type embryo. (B–G)
Confocal images showing (B) anti-Vn (green),
in the dMP2 cell bodies (white arrowheads)
and (C) colocalization of 22c10 (red) and anti-
Vn in the dMP2 neurons (merged image, ar-
rowheads, yellow). The vMP2 cell body lies
underneath the dMP2 cell body.
(D) DER transcripts. There is lateral signal (ar-
rowheads) at either side of the midline in each
segment (two segments shown).
(E and F) (E) Anti-DER (green; ml, midline) and
(F) colocalization of anti-DER (green) and anti-Repo (red) in some LG (arrows) in one hemisegment.
(G) Activation of the Ras pathway in subsets of LG, as visualized by codetection (yellow, arrowheads) of anti-Repo (red) and dpERK (green)
in three segments. Anterior is up.
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Figure 5. Targeted vnRNAi Expression in Neurons Induces Longitudinal Glia Apoptosis and Loss
(A–C) LG visualized with anti-Pros antibodies (black) at stage 16 in the following: (A) Wild-type, each hemisegment has 5–6 Pros-positive LG
(arrowheads). (B) vn mutant embryo. Arrowheads indicate hemisegments with 3–4 Pros-positive LG. (C) spivn double-mutant embryo. Most
hemisegments have fewer Pros-expressing LG than wild-type (arrowheads), and apoptotic Pros-positive glia are often seen (arrows).
(D) Reporter expression in the dMP2 and vMP2 pioneer neurons of 15J2 GAL4/UAS  lacZ embryos (stage 13).
(E) Control embryos expressing vnRNAi in ap neurons visualized with anti-GFP in brown (genotype: apGAL4; UAS GFP/UAS vnRNAi 4101)
have the normal 5–6 Pros-positive glia per hemisegment (arrowheads). There are other ap-expressing cells, not shown. (Lower magnification
view than that of [A]).
(F) Expression of vnRNAi in all postmitotic neurons (genotype: elavGAL4/UAS vnRNAi 4101) causes loss of Pros-positive glia: arrowheads
indicate 1–3 remaining glia.
(G) Expression of vnRNAi in MP2 neurons (genotype: 15J2 GAL4 /UAS vnRNAi 4101) causes glial loss: arrowheads indicate remaining 2–3
Pros-positive glia per hemisegment. Arrow indicates apoptotic LG.
(H and I) Expression of vnRNAi expression in MP2 neurons (genotype: 15J2 GAL4 /UAS vnRNAi 4101) induces LG apoptosis (arrows) as
visualized with anti-Pros. (I) is a higher magnification detail of (H) and arrowhead indicates a normal LG.
(J) Quantification of loss of Pros expression expressed as percentage of embryos with four or less Pros-positive LG in at least one hemisegment
in each population. There is a significant difference between wild-type and vRNAi expression in all postmitotic neurons with elavGAL4 and
line 3 (0.005  p  0.01, 2). All are dissected nerve cords, anterior is up.
et al., 2000; Zamore et al., 2000). We placed two frag- Upon targeted vnRNAi expression in either all the neu-
rons or the MP2 pioneer neurons only, LG apoptosisments of vn mRNA in opposite orientations downstream
of UAS, which, when expressed, pair to form a double- increases (Figures 5G–5I). This shows that loss of vn
function in the MP2 pioneer neurons alone is sufficientstranded RNA hairpin. To conduct vnRNAi, we used
three independent UAS transformant lines. To drive ex- to induce LG apoptosis. The effect of targeted vnRNAi
is considerably weaker than that of vn null mutations.pression of vnRNAi in neurons we used (1) elavGAL4,
which drives expression in all postmitotic neurons; (2) This may be due to the irregularity or levels of expression
by the driver lines and the concentration dependence15J2, a GAL4 line that drives expression in the MP2
pioneer neurons only (Figure 5D); and (3) as a control, of RNAi (Yang et al., 2000). This, together with the fact
that normally only a minority of apoptotic cells can bethe apGAL4 line that drives expression in several neu-
rons per hemisegment, but not in the MP2 pioneer neu- observed, makes quantitation of the apoptotic pheno-
type challenging. Hence, to quantitate the extent of therons (Figure 5E).
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RNAi phenotype, we monitored absence of the glial Overall, these data indicate that Vn is secreted by the
marker Pros in the affected embryos and compared it MP2 neurons and binds DER in some LG, activating the
to the occurrence of absence of glial Pros in wild-type MAPKinase pathway to control glial survival.
and vn mutant embryos.
Expression of vnRNAi with the control apGAL4 line Targeted Neuronal vn Expression Rescues Glial
did not cause loss of Pros expression (Figures 5E and Survival in vn Mutants
5J). Similarly, we did not observe any effect when we If LG apoptosis is a nonautonomous consequence of
expressed single-stranded antisense vn mRNA in the loss of vn function in neurons, it should be possible
MP2 neurons with 15J2 GAL4 (Figure 5J). However, tar- to rescue glial apoptosis in vn mutants by targeting
geted expression of vnRNAi to all postmitotic neurons expression of vn only to neurons.
with elavGAL4 causes a reduction of Pros-positive glia We identified apoptotic LG morphologically using
(Figures 5F and 5J). Targeted double-stranded vnRNAi anti-Repo (Figure 7C). To test whether Vn is necessary
to the MP2 neurons alone with 15J2 is sufficient to in- to maintain glial survival, we prevented neuronal death
duce glial cell apoptosis and loss of Pros expression in vn mutants by expressing the inhibitor of apoptosis
(Figures 5G–5J). The MP2 driver (15J2) only leads to p35 in all postmitotic neurons (genotype: elavGal4 vn3/
vnRNAi expression in two pioneer neurons per hemiseg- UASp35vn3). Neuronal p35 expression does not signifi-
ment (Figure 5D) and only from axonogenesis, a time cantly rescue LG apoptosis in vn mutants (Figures 7A
when the longitudinal glioblast fate has been determined and 7B). Thus, maintaining neurons alive in a vn mutant
and the LG have already migrated, divided, and estab- background is not sufficient to prevent LG death. This
lished contact with the pioneer neuron cell bodies and means that Vn function is necessary to maintain glial
axons. These data show that vn functions nonautono- survival.
mously in the MP2 pioneer neurons and that loss of vn To test whether Vn can promote LG survival, we tar-
function in neurons can induce LG apoptosis. geted expression of vn to all postmitotic neurons in vn
mutants (genotype: elavGAL4 vn3/UAS-vein;vn4). This
DER and the Ras Pathway Control Survival significantly reduces glial apoptosis (Figures 7A and 7B).
of Some Longitudinal Glia This means that neuronally produced Vn is sufficient to
Since DER is expressed in subsets of LG, we asked promote LG survival.
whether loss of DER function can induce glial cell apo- To explore whether expression of vn from the MP2
ptosis. DER is required for multiple processes during neurons alone can maintain glial survival, vn expression
embryonic development, so we used a temperature- was driven in the MP2 neurons with line 15J2 in a vn
sensitive allele of DER to allow early embryogenesis mutant background (genotype: 15J2 vn3/UASvn;vn4).
to proceed normally and, upon shift to the restrictive Remarkably, in these embryos glial cell apoptosis was
temperature, induce loss of DER function from axono- significantly reduced (Figures 7A and 7B). This shows
genesis (Figure 6B). Loss of DER function from stage that vn expression from the MP2 pioneer neurons is
12 onward induces LG apoptosis as visualized with anti- sufficient to reduce glial cell apoptosis. The LG migrate
Repo antibodies (Figure 6B). Nevertheless, not all glia in contact with the MP2 pioneer axons during axonogen-
are apoptotic or lost, consistent with expression of DER esis, the time when glial cell survival is regulated by
in only some of the LG (see Figures 4D–4F). axon contact.
Blocking DER function in LG alone is sufficient to
induce glial apoptosis. We targeted expression of domi-
Discussion
nant-negative DER to the LG, and the expressing cells
were visualized with the reporter GFP (Figure 6; geno-
We present here a single-cell resolution in vivo analysistype: htl GAL4 /UASDNDER; UAS GAP GFP). This leads
of the function of the Neuregulin Vein in the interactionsto an increase in LG apoptosis compared to wild-type,
between pioneer neurons and LG that take place duringas monitored by TUNEL and anti-Repo (Figure 6G) and
axon guidance.by morphology of anti-Repo-expressing cells (Figures
6D, 6H, and 6I). These data show that neuronal Vn func-
Vein Functions like Neuregulin to Promotetions through DER in subsets of the LG.
Glial SurvivalExpression of dominant-negative Ras in the LG also
We have shown that LG are overproduced in wild-typeleads to an increase in LG apoptosis, monitored as
embryos and that Vn is produced by pioneer neuronsabove (Figures 6C and 6E–6I, genotype: htlGAL4/UAS
to promote LG survival. Several lines of evidence sup-RasN17; UAS GAP GFP). Since the htlGAL4 driver does
port the functional homology of Vn to Neuregulin. First,not appear to be expressed in the longitudinal glioblasts,
we show an increase in LG apoptosis in vn mutant em-the glial cell apoptosis detected in our experiments may
bryos. Second, knocking out Vein function in neuronsunderestimate the number of LG affected. When we
only by targeted vnRNAi expression induces glial apo-targeted expression of dominant-negative Ras to the
ptosis. In cocultures of oligodendrocytes and dorsalglioblast with a mosaic line that drives expression in only
route ganglion neurons, blocking Neuregulin activity1–3 hemisegments per embryo, we observed a dramatic
with anti-Neuregulin antibodies promotes oligodendro-induction of LG apoptosis (Figure 6E), and this effect
cyte death (Fernandez et al., 2000). Third, blocking Vnwas much stronger than when we expressed DN DER
signaling in the LG by targeting the expression of domi-in the glioblast. It is possible that other factors activate
nant-negative forms of its receptor DER or of Ras (sig-Ras in the LG. Nevertheless, these data show that LG
naling downstream) induces glial apoptosis. Expressionsurvival is promoted by activation of the MAPKinase
cascade by Ras. of an ErbB4-Fc fusion of the CNS Neuregulin receptor
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Figure 6. Loss of Ras Pathway Signaling in the Longitudinal Glia Induces Apoptosis
(A–D) LG are visualized with anti-Repo antibodies (black). (A) Wild-type. (B) Temperature shift-induced loss of DER function (genotype: DERtopco/
DER5xc1, temperature shifted at stage 12, to allow normal early embryogenesis) causes loss of Repo-positive glia (arrow) and glial apoptosis
(arrowheads). (C) Expression of dominant-negative Ras in the LG (genotype: htlGAL4/ UAS DNRasN17; UAS GAP GFP). This driver expresses
from stage 13. The cells expressing DNRas are visualized with anti-GFP antibodies (brown). (D) Higher magnification detail of LG expressing
DNDER and the reporter GFP (brown) (genotype: htlGAL4/UAS DNDER; UAS GAP GFP). Arrowhead indicates apoptotic glia expressing GFP
and anti-Repo, arrow, normal glia. Apoptotic glia often express markers at lower levels than those of wild-type.
(E) Expression of DNRasN17 in the glioblast leads to excess LG apoptosis (arrowheads) compared to its later expression (genotype: sgmGAL4
15.1; UAS DNRasN17; UAS GAP GFP).
(F) Expression of dominant-negative Ras in LG (genotype: htlGAL4/UASRasN17; UAS GAP GFP) causes glial apoptosis (arrowheads), as
visualized by colocalisation of anti-Repo (red) antibodies and TUNEL (green). (D)–(F) are higher magnification than (A)–(C). Anterior is up.
(G–I) Quantification of the incidence of LG apoptosis. (G) Percentage of embryos with a given number of apoptotic glia as visualized by
colocalisation of TUNEL and anti-Repo antibodies. There is a significant difference in the incidence of LG apoptosis between wild-type and
htlGAL4/UASDNDER (p  0.01, Mann-Whitney U test). DNRas has a more severe effect than DNDER. (H) Percentage of embryos with more
than three apoptotic LG in each population detected with anti-Repo. Expression of dominant-negative DER in LG causes a significant increase
in LG apoptosis compared to wild-type (planned comparison of wild-type versus htlGAL4/UASDNDER: 0.025  p  0.05, 2). (I) Percentage
of embryos with a given number of apoptotic LG in the same sample as that in (H). n, number of embryos.
to cocultures of oligodendrocytes and dorsal route gan- homology between Vn and Neuregulin implies that the
same set of trophic neuron-glia interactions—and there-glion induces oligodendrocyte death (Fernandez et al.,
2000). Fourth, targeted neuronal expression of Vn res- fore perhaps also a similar degree of plasticity—
operates in the insect and vertebrate CNS.cues glial apoptosis in vn null mutants. Delivery of Neu-
regulin rescues Schawnn cell and oligodendrocyte num-
ber in mutant explants and in normal and transected Mechanism of Glial Survival Control by Vn
We have shown that Vn is produced by the MP2 pioneernerves (Fernandez et al., 2000; Kopp et al., 1997; Trach-
tenberg and Thompson, 1996; Vartanian et al., 1999). neurons during axonogenesis and binds DER in some
of the LG, where it activates the Ras/MAPkinase path-From these data, we conclude that neuronal Vn func-
tions like Neuregulin to promote glial survival. way to promote survival. We provide direct evidence of
the mechanism of Vn function: first, in the absence ofOur findings contrast with the notion that insect ner-
vous system is hard-wired and does not require trophic vn glial die of apoptosis, which is prevented when LG
express p35. Lack of Neuregulin signaling leads to afactors (Barde, 1994; Jaaro et al., 2001). The functional
Glial Survival by Drosophila Neuregulin
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Figure 7. Expression of vn in Neurons Res-
cues Glial Apotosis in vn Mutants
Apoptotic LG are scored with anti-Repo anti-
bodies in stage 13–17 embryos. Arrowhead
in (C) indicates an apoptotic glia, compared
to normal glial nuclei (arrow).
(A) Percentage of embryos with more than
one apoptotic LG. There is a significant differ-
ence between the incidence of glial apoptosis
in wild-type and vn mutants (planned com-
parision: 0.05  p  0.1, 2). Expression of
vn in the MP2 neurons alone in vn mutants
(15J2 vn3/UASvn, vn4) causes a significant
decrease in LG apoptosis compared with vn
mutants (planned comparison: 0.025  p 
0.05, 2). The rescue of glial apoptosis is more
dramatic if vn is expressed in all postmitotic
neurons (elavGAL4 vn3/UAS vn,vn4, planned
comparison with vn mutants: 0.0025  p 
0.005, 2). However, expression of p35 in all postmitotic neurons in vn mutants (elavGAL4 vn3/UASp35, vn3) does not cause a significant
decrease in LG apoptosis (planned comparison with vn mutants p  0.25, 2).
(B) Percentage of embryos with a given number of apoptotic LG to indicate the extent of glial apoptosis in the same sample as in (A). n,
number of embryos.
reduction in glial cell numbers (Fernandez et al., 2000; Vn Links Axon Guidance and Glial Number Control
Our data show that Vn is involved in the neuron-gliaLee et al., 1995; Meyer and Birchmeier, 1995; Rieth-
macher et al., 1997), but it had not been directly shown interactions required during axon guidance. We do not
rule out the possibility that vn plays a cell-autonomousthat changes in glial numbers were due to apoptosis.
Second, we show that vn functions nonautonomously role in the MP2 neurons. However, MP2 determination
is unaffected in vn mutants (Skeath, 1998), and targetedfrom the MP2 pioneer neurons to maintain glial survival.
Knocking out vn function from only the MP2 pioneer expression of dominant-negative DER to the MP2 pio-
neer neurons has no consequence on axonal patternsneurons is sufficient to induce glial apoptosis, and deliv-
ering Vn to the MP2 neurons in vn null mutant embryos (Lanoue et al., 2000). Vn does not function like a guid-
ance molecule either, as pan-neural expression of vnis sufficient to prevent glial apoptosis.
Vn is most likely not the only neuronal factor control- does not alter axonal patterns.
Vn is expressed in the MP2 pioneer neurons, whichling LG survival. In fact, targeted ablation of neurons
causes more severe apoptosis of glia than that seen in play a particularly relevant role in the formation of the
longitudinal pathways. Since MP2 axons require glia forvn mutants. We have shown that LG apoptosis and loss
increase in vn-spi double-mutant embryos. Thus, Spi guidance and fasciculation, by maintaining the survival
of neighboring glia, Vn anchors glial cells in proximityappears to be one factor cooperating with Vn to maintain
glial survival. However, Spi is also a ligand for DER, and to the pioneer axons, thus enabling pathfinding.
It is important to appreciate how the control of cellwe have shown that DER is only expressed in a few LG
per hemisegment in a narrow time window. Thus, only survival affects final cell number. The extent of glial cell
apoptosis that we observe in vn mutants is likely to bea subset of the LG respond to DER.
Interestingly, dominant-negative expression of Ras an underestimate of the extent of glial cell death actually
taking place. In fact, apoptotic cells are cleared veryhas a stronger effect than dominant-negative expres-
sion of DER. This suggests that other signaling pathways quickly, and it has been estimated that only about 4%
of apoptotic cells are seen at one given time (Raff et al.,function in parallel to control glial survival. Ras functions
also downstream of the FGFR, which is also expressed 1993). Nevertheless, the final glial phenotype of vn null
mutants can be mild. Remarkably, although targetedin the LG (Shishido et al., 1997). Hence, Ras may inte-
grate signaling from both DER and FGFR. Nevertheless, expression of dominant-negative Ras or dominant-neg-
ative DER increase LG apoptosis, they do not necessar-the MAPKinase pathway is activated only in subsets of
LG at a given time. Perhaps it is active in different cells ily decrease glial number and superficially these em-
bryos can look normal. This could be due to the factat different times, or other signaling pathways are in-
volved in the control of glial survival. that the driver (htlGAL4) used is not expressed early
enough, and, therefore, we are only assessing relativelyThe requirement for multiple factors to control glial
survival is reminiscent of the situation in vertebrates. mild effects occurring late in the lineage. Thus, expres-
sion of dominant-negative DER or Ras at this stage mayOligodendrocyte survival in culture is only rescued by
a combination of multiple survival factors whose recep- be sufficient to induce apoptosis in some cells, but other
cells may not longer be sensitive to lack of trophic sup-tors are expressed in the oligodendrocyte lineage (Bar-
res et al., 1993). Such signaling molecules are expressed port. This is supported by the fact that DER is expressed
in LG only for a narrow time window, which suggestsin the CNS in limiting amounts and this restriction may be
vital to balance how much oligodendrocyte precursors that glial cell survival is under tight temporal control.
It is also possible that glial cell number regulationdivide and how many of their progeny cells die (Raff et
al., 1993). involves a balance of apoptosis and cell proliferation.
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RNA Interference and Antisense VeinThus, expression of dominant-negative Ras in the LG
To express antisense vn mRNA, the whole length vn cDNA wasmay lead to glial overproliferation as well as apoptosis,
excised from pBluescript with XhoI and NotI and ligated into theresulting in final normal glial number. Oligodendrocyte
NotI and XhoI sites of pUASt. The resulting construct was injected
precursor proliferation is also controlled by interactions into yw; 2-3 Sb/TM6 embryos. Transformants with copies of the
with axons (Barres and Raff, 1994). The link between construct on the X and second chromosomes were crossed to 15J2
GAL4.the nonautonomous control of cell number and axon
RNAi (Fire et al., 1998) was targeted to all neurons with elavGAL4guidance and fasciculation may provide developmental
or to the MP2s with 15J2 GAL4 by placing downstream of UAS twoplasticity to the CNS.
fragments of vn sequences in opposite orientations, separated byUnderstanding of axon guidance and of the roles of
a loop, which hybridize into a hairpin upon expression. A fragment
Neuregulin in the spinal cord is limited (Loeb et al., 1999; of 385 bp of vn coding sequences 5 to 3 (positions 2098–2483)
Meyer et al., 1997; Vartanian et al., 1999). We have shown was synthesized by PCR followed by AAGG, which provokes the
loop (Werstuck and Green, 1998), flanked by SphI and SacI restric-here that Vein is involved in the neuron-glia interactions
tion sites. Two PCR products were created, with restriction sitestaking place during axon guidance in the Drosophila
for either BamHI or XbaI at the 5 ends. vn 5-3-loop was subclonedequivalent of the spinal cord. The single-cell resolution
first by ligation into BamHI and SacI of pMartini, followed by fusionof our model system will prove valuable in the universal
of vn 3 to 5 into SphI and XbaI. The resulting contruct was amplified
understanding of this process. Ultimately, understand- in Epicurian Sure Cells (Stratagene). The construct was excised from
ing the link between axon guidance and cell number pMartini by NotI digestion, inserted into the NotI site of pUASt,
and amplified in Epicurian Sure Cells. P element-mediated germlinecontrol will be essential to enable repair of axonal trajec-
transformation was carried out by injecting the construct into w;tories upon damage.
2-3Sb/TM6 embryos.
Experiments were carried out several times with three inde-Experimental Procedures
pendent transformant lines: (1) w; UASvnRNAi1, line 41; (2) w;
UASvnRNAi2, line 91; and (3) w; UASvnRNAi3, line 4101.Fly Stocks
Wild-type: Canton-S/yw. Mutants: (1) vn: alleles vn3/TM3lacZ and
vn4/TM3lacZ. For a null condition, all experiments (unless otherwise Acknowledgments
indicated) were carried out in transheterozygote vn3/vn4 mutant
embryos (as in Schnepp et al., 1996; Simcox et al., 1996), identified We thank S. Russell for advice designing the RNAi construct; J.
by the absence of 	-gal expression. (2) spitz: spi1/CyOlacZ. (3) DER: Barrett for advice on statistics; I. Robinson for comments on the
Null, DERtopc0/SM6aTM6B; temperature-sensitive, DER5xc1/SM6aTM6B. manuscript; J.F. de Celis, A. Chiba, C. Doe, M. Freeman, C. Good-
GAL4 lines: (1) w; elavGAL4, insertion on the third chromosome man, K. Hosono, J. Jaynes, J. Kumar, M.-D. Martı´n-Bermudo, N.
(Kidd et al., 1998); (2) w; 15J2 GAL4 (Hidalgo and Brand, 1997); (3) Patel, R. Rangarajan, J. Roote, S. Russell, K. Saigo, A. Symcox, A.
sgcm GAL4 151 (Booth et al., 2000); (4) w; apterousGAL4/CyO; UAS Travers, and T. Volk for reagents; and the Iowa Hybridoma Bank for
GFP; (5) htlGAL4. UAS lines: (1) w; UAS vn (Schnepp et al., 1996); antibodies. This work was supported by Wellcome Trust Career
(2) w; UASRasN17; TM2/TM6B (dominant-negative Ras); (3) w; UAS Development Fellowship 048905 to A.H.
DN DER (dominant-negative); (4) w; UAS p35. Reporter lines: (1) w;
UAS taulacZ; (2) w; UAS GAP GFP. Stocks generated by conven-
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